Transoesophageal echocardiography (TEE) with contrast administration is still considered as the reference method for the detection of patent foramen ovale (PFO) with interatrial shunt, but it is a semi-invasive exam. The aim of the present study is to evaluate a role of two-and three-dimensional transthoracic echocardiography (TTE and R3DTE) as a diagnostic alternative to transcranial Doppler ultrasound (TCD) and TEE for detection of atrial right-to-left shunt.
Aims
Transoesophageal echocardiography (TEE) with contrast administration is still considered as the reference method for the detection of patent foramen ovale (PFO) with interatrial shunt, but it is a semi-invasive exam. The aim of the present study is to evaluate a role of two-and three-dimensional transthoracic echocardiography (TTE and R3DTE) as a diagnostic alternative to transcranial Doppler ultrasound (TCD) and TEE for detection of atrial right-to-left shunt.
Methods and results
Seventy-five patients with history of cerebrovascular events were subjected to four diagnostic examinations: TCD, TTE, R3DTE, and TEE, with bubble contrast. Bubbles in the left atrium within three cardiac cycles were considered diagnostic for PFO and later as a pulmonary shunt. Greater than 20 bubbles in the left atrium were considered a large shunt and ,20 a small shunt. Every exam was read blinded to the results of the others. From the 75 enrolled patients, 62 (82.6%) patients showed right-to-left shunt with TEE; the results were also positive in 53 patients using TCD (70.6%), in 53 using R3DTE (70.6%), and in 55 using TTE (73.3%) (P ¼ NS). There is a statistically significant superiority for TEE in the capacity of detecting shunts compared with TCD (P , 0.024), TTE (P , 0.018), and R3DTE (P , 0.018). The TEE presents a superior ability to recognize mild/moderate interatrial shunts respect to other exams (P ¼ 0.003), without differences for shunts of high degree. In comparison to the TEE, the sensitivity is 89% for TTE, 88% for R3DTE, and 85% for TCD; the specificity is 100% for TTE and R3DTE, and 90% for TCD; the positive predictive value is 100% for TTE and R3DTE, and 98% for TCD; and the negative predictive value is 65% for TTE, 65% for R3DTE, and 53% for TCD. Considering only for mild/moderate shunts, the diagnostic accuracy is clearly inferior (sensitivity 63% for TTE, 58% for R3DTE, and 53% for TCD).
Conclusion
In this cohort of patients, TEE confirms the role of 'gold standard' exam for the detection of PFO; the non-invasive methods, and the TTE in particular, present a good diagnostic accuracy, but are inferior to the TEE because of the low negative predictive value and the non-optimal detection of small shunts. If the only purpose of TEE is the detection of significative interatrial shunt, TEE can be replaced by TTE. The R3DTE presents a good diagnostic accuracy, provides a better anatomical definition of the interatrial septum, and may have a role in this setting of patients, but does not add a lot to the TTE for the diagnosis.
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Keywords
Patent foramen ovale † Transthoracic echocardiography † Three-dimensional echocardiography Introduction A patent foramen ovale (PFO) with atrial right-to-left shunt is the most frequent finding in young patients (,55 years) with an otherwise unexplained ischaemic cerebral insult. 1 Transoesophageal echocardiography (TEE) combined with contrast administration is considered the method of choice in the diagnosis of PFO, because it provides more accurate diagnostic information on posterior localized structures of the heart. 2, 3 Because TEE studies are time-consuming and considered semi-invasive by the patient, other techniques (of first level, but easier, cheaper, and less invasive) have been improved. The transcranial Doppler ultrasound (TCD) has become an optional method for detecting a cardiac right-to-left shunt, with high sensitivity and good specificity. 4, 5 Second harmonic transthoracic imaging allows a good image quality and a good visualization of first-and second-generation contrast agents as well as free gas microbubbles 6 and has shown to improve transthoracic two-dimensional image quality. 7 Several reports demonstrate that real-time three-dimensional transthoracic echocardiography (R3DTE) provides sufficient definition of the intracardiac anatomy and visualization of surgical instruments to permit atrial septal defect (ASD) closure in vivo. 8, 9 No data are available about detection of PFO with R3DTE with contrast administration, as a first-level study, in alternative or complementary to other examinations (TCD, TTE, and TEE).
The present study was designed to evaluate TTE using second harmonic imaging and R3DTE as a diagnostic alternative to TCD and TEE for detection of atrial right-to-left shunt in patients with cerebrovascular accidents.
Methods
The study population consisted of 75 consecutive patients (mean age 49 + 13 years) referred to our echocardiography laboratory for the evaluation of cardiac sources of embolism.
All the patients were subjected to four diagnostic examinations: TCD, TTE, R3DTE, and TEE. The TCD was performed as first check by a neurologist; subsequently, the patients were sent to our echocardiography laboratory and were subjected, respectively, to the TTE, R3DTE, and finally to the TEE.
Baseline characteristics of the study population are given in Table 1 . Seventy-five patients were enrolled in the study with an age range of 36 -62 years, including 28 men and 47 women; 49 were ,55 years old. The clinical indications for the exams were to investigate the source of cardio-cerebral emboli [stroke, transient ischaemic attack (TIA), and silent cerebral ischaemia]; 11 patients suffer from migraine and 2 patients are divers with prior TIA. Most of the patients (85.3%) have not presented cardiac events, and the echocardiographic findings are substantially normal, as confirmed by the normal middle values of the left ventricular ejection fraction at the echocardiogram. Sixteen per cent of the patients presented elevated levels of homocysteine and 10.6% presented a mutation for MTHFR; a minority of cases (1.3%) were affected from an essential thrombocytaemia or presented a mutation of factor VIII. All the mutations of MTHFR gene and factor VIII were heterozygotic.
Transcranial sonography
The TCD exam was performed with Philips iE33 platform, with S5-1 transducer (5 to 1 MHz). Patients were placed in the supine position, and an 18 G needle was placed into the antecubital vein, predominantly in the right arm. Unilateral insonation of the middle cerebral artery was performed in the side of the cranium with the superior temporal bone window. middle cerebral artery, the Doppler sample volume was placed in the M1 segment; with a sample volume of 10 mm, the Doppler spectrum was measured, and using angle correction, flow velocities were determined. The investigation was started with a first session of Valsalva manoeuvre without injection of contrast agent to test the effectiveness of the manoeuvre: a decreased peak maximum velocity in the Doppler spectrum was demonstrated after the Valsalva manoeuvre. In a second session, 10 mL of contrast agent (9 mL of saline mixed with 1 mL of air) was administered, without a Valsalva manoeuvre, and the Doppler spectrum was recorded for 25 s, for an evaluation in basal conditions. In the last session, the Valsalva manoeuvre was started immediately after the contrast injection; again, during a period of 25 s, the Doppler spectrum was recorded. In the case of a cardiac right-to-left shunt, the microbubbles caused hyperintense audible signals because of their strong reflectivity of ultrasound waves. If there were no detectable highintensity transient signals (HITS) at TCD, the patient was classified as having no PFO; if there was evidence of 1 -20 HITS, a category 'mild/moderate' shunt was diagnosed; patients with important shunt showed .20 HITS or curtain. 
Echocardiography
The TTE studies were performed with Philips iE33 platform, with S5-1 transducer (5 to 1 MHz) for two-dimensional exam and X3-1 transducer (3 to 1 MHz) for three-dimensional exam. TEE studies were performed with omniplane MPT7-4 transoesophageal probe of ATL HD 5000 ultrasound machine. During TEE, the patient was positioned in the left lateral decubitus, using 10% topical lignocaine spray for the oropharynx and eventually intravenous sedation (midazolam 3 mg). Agitated saline contrast was produced by mixing 9 mL of saline with 1 mL of air in two 10 mL syringes connected by a three-way tap; the mixture was injected rapidly via a cannula in the right or left antecubital fossa, during imaging in four-chamber view at 08 and during imaging in the 908 plane (bicaval view), visualizing both superior and inferior vena cavae along with the fossa ovalis. Each injection was administrated in basal conditions and just before the release phase of a Valsalva manoeuvre (abdominal straining). The presence of a PFO was defined as the passage of contrast in the left cavities within the first three cardiac cycles after opacification of the right atrium. Bubbles appearing after the first three cardiac cycles were classified as a pulmonary shunt. Right-to-left shunts were considered as important when .20 microbubbles could be visualized in one frame and as small when ,20 microbubbles could be visualized.
TTE and R3DTE were performed prior to TEE. For the TTE study, an apical four-chamber view with optimal delineation of both atria, the interatrial septum, and both ventricles was selected. The subcostal view allows a good visualization of the interatrial septum, but this projection has often been discarded because of the low quality of the image during the Valsalva manoeuvre. Continuous recording was obtained during bubble contrast injections, in basal conditions, and during a Valsalva manoeuvre.
For the R3DTE, an apical four-chamber view was selected, with 'live 3D' approach; this projection was modified with a longitudinal hourly rotation for a better view of the left side of the interatrial septum ( Figure 1A -C). A record was obtained during contrast injections, in basal conditions, and during a Valsalva manoeuvre. The numbers of bubbles in the left atrium for TTE and R3DTE were counted and categorized as either large (.20 bubbles) or small (,20 bubbles).
'Live 3D' mode was employed first, and 3D cake-like images (with 602158 cake-shaped volume) were obtained instantly at apical and at other non-standard sites. The 3D cake-like image could be swivelled in any orientation during scanning, so that the heart structure could be viewed in any desired direction in real time. The pyramid volume was sliced to display the best view of the interatrial septum, in which the entire configuration of the septum (which could not be observed in traditional 2D view) could be visualized (Figure 2) . By running the images frame-by-frame, the dynamic change of the septum could be observed, for a best definition of its anatomy from normal to aneurysm or ASD.
Analysis of 3D data was performed off-line with measurement software of 3D QLab on a workstation.
The TTE, R3DTE, and TEE were analysed off-line by three separate experienced observers. During TEE evaluation, the observers were blinded to the results of the TCD, TTE, and R3DTE. In case there was not agreement, the opinion of the majority should prevail. The TCD was analysed by the neurologist of our hospital.
Statistical analysis
Numerical results are given as mean (+SD). Pearson 
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Results
The feasibility of the exams was 100% for TEE and TTE, 97.3% for R3DTE, and 96% for TCD ( Table 2) : in two cases, R3DTE was not performed because of inadequate acoustic window with X3-1 transducer; in three patients, TCD was not performed due to inability to identify the middle cerebral artery.
From the 75 enrolled patients, 62 (82.6%) patients showed evidence of atrial right-to-left shunt with TEE, 46 (61.3%) presented isolated PFO, 14 (18.6%) an association between PFO and atrial septal aneurysm, and 2 (2.6%) presented ASD with right-to-left shunt after Valsalva manoeuvre. No patients have been isolated atrial septal aneurysm. Like another study of Kuhl et al., 7 we have divided the entire study population into age groups .55 and 55 years; the association atrial septal aneurysm/PFO is most significantly present in the younger patients (11 vs. 3 patients; P ¼ 0.017). Aortic plaques were significantly more often detected in older patients (8 vs. 3 patients; P ¼ 0.012). In our population, the prevalence of isolated PFO is higher in patients with .55 years (29 vs. 17 patients; P ¼ 0.02). The prevalence of left atrial appendage thrombus, depressed left ventricular function, and atrial fibrillation was not different between the two age groups. Of the 62 patients with an atrial right-to-left shunt detected by TEE (82.6%), the results were also positive in 53 using TCD (70.6%), in 53 using R3DTE (70.6%), and in 55 using TTE (73.3%) (P ¼ NS). A negative TEE was found in 13 patients; in these cases, R3DTE and TTE were negative too. Only in one patient was TCD positive for a mild shunt, indicating a probably pulmonary shunt ( Table 2) .
The TEE represents the 'gold standard' for the PFO detection and study; in fact, there is a statistically significant difference (P , 0.003) among the four methods in detection of shunt, with a significant superiority of TEE. There was no statistically significant difference among the three non-invasive methods (TCD, TTE, and R3DTE). There was a statistically significant difference in the capacity of detecting shunts between TEE and TCD (P , 0.024), between TEE and TTE (P , 0.018), and between R3DTE and TEE (P , 0.018). There was no statistically significant difference in quantification of shunt ( Table 3) .
The TEE presents a superior ability to recognize mild/moderate interatrial shunts with respect to other exams (P ¼ 0.003). If we consider the detection of shunts of high degree, there are no significant differences among the four exams.
We have compared the diagnostic accuracy of TCD, TTE, and R3DTE with the results of TEE (gold standard). TTE has a sensitivity of 89% for any shunt, R3DTE of 88%, and TCD of 85%. The specificity of TTE and R3DTE is 100%. However, the specificity for TCD is instead 90%. The positive predictive value was globally good for the non-invasive exams (100% for TTE and R3DTE, and 98% for TCD). Nevertheless, the negative predictive value is low, in particular for TCD (65% for TTE, 65% for R3DTE, and 53% for TCD) ( Table 4 and Figure 3 ). Considering only for large shunts at TEE, the sensitivity is 96% for TTE, 87% for R3DTE, and 70% for TCD. Considering only for mild/moderate shunts, the diagnostic accuracy is clearly inferior (63% for TTE, 58% for R3DTE, and 53% for TCD).
Discussion
The detection of a cardiac right-to-left shunt is of clinical importance in different populations. The most important group of patients are those with unexplained stroke. PFO is a frequent finding in the normal population: in autopsy series, the prevalence of PFO is reported to range from 25 to 34%. 10 In our population, results for the prevalence of right-to-left shunt are significantly more elevated in comparison to those of others articles published in the literature. Our population constitutes for the greatest part of patients with a cryptogenic ischaemic cerebral event (82.7% of the events), primarily in juvenile age (65.3% of the patients ,55 years). Most of the patients have been sent to our laboratory after a neurological evaluation and after the TCD. Therefore, it is a preselected population in which the incidence of the right -left shunt is relevant. Anyway, this selection bias does not invalidate the reliability of the study where it aims to compare the diagnostic methods for the PFO and not to consider the prevalence of PFO or to demonstrate the causal relationship between cryptogenic stroke and PFO. The presented study is the first comparing TTE and R3DTE with TCD and TEE, and also it is the first one in which the utility of R3DTE in the diagnosis of PFO is analysed. To support our opinion on a subject such as the non-invasive diagnosis of PFO, we need a test that is highly sensitive and with the lowest number of false negatives. In addition, it must have a high negative predictive value. In our study, sensitivity is high, but negative predictive value is low for all the three non-invasive methods. This is in contrast with the literature, where Daniels et al.
11 present very high negative predictive value within their case history, 98%. The sensitivity of the three methods is globally high, with a mild superiority of TTE. On the contrary, the specificity of TTE and R3DTE is very high and better, by far, than that given by TCD, an exam that does not allow a cardiac control of the shunts, loading more with false positives. The predictive positive value of the three non-invasive exams is good on the whole, with a superiority of TTE. The limits of the methods appear in the negative predictive value, rather low especially for the TCD. By stratifying shunt's level as low/mid and severe and comparing the study's results, it shows a trend of the non-invasive exams to overestimate the shunt's entity. The TEE in the main part of patients showed that shunts that seemed of high degree in fact were of low-mid degree. The concordance between the TEE results and the other exams is bigger when there are shunts of severe degree, and it is bigger than TTE rather than R3DTE and TCD.
In our study, there are no patients with negative TEE and positive TTE or R3DTE; only one patient present a negative TEE and positive TCD for mild right-to-left shunt. In this case, the echocardiographic exam evidenced that a right-to-left shunt was present, not at a level of interatrial septum, but probably at a level of a pulmonary shunt. Other studies present the possibility of falsenegative TEE; 7 that is why there is a frequent difficulty for the patient to perform a correct Valsalva manoeuvre during the TEE, mainly if this needs a sedation, even if light. However, it should be noted that in patients with a negative TEE study but a positive TTE study, the shunt magnitude by TTE is rather small, indicating that the clinical relevance of such finding may be questionable. 12 Kuhl et al. 7 in their study looked at 111 patients with a cerebral event using a polygelatin contrast agent rather than agitated saline; in this selected group of patients, the TTE was performed immediately following the TEE and afterwards the patient was still sedated, which might have limited their ability to perform a satisfactory Valsalva manoeuvre. Despite this, they had similar results as ours with similar positive TTE and TEE for PFO. Ha et al. 13 in their study of 136 consecutive patients detected 40 patients with PFO; they found the sensitivity and specificity of TTE with harmonic imaging to be 62.5 and 100%, respectively, when compared with TEE as the 'gold standard', with no TTE-positive/TEE-negative patients. Two-and three-dimensional echocardiography for detection of right -left shunts
Another limit that concerns all the diagnostic methods is the presence of Eustachio valve that can divert the flow of microbubbles coming from the superior cava vein to the tricuspidal valve, moving it from the interatrial septal and hiding the presence of unappreciated shunts. In these cases, it should be useful to practise the injection of contrast from the femoral vein that has been shown to be more sensitive for PFO diagnosis.
14 For some patients with the Eustachio valve high developed, we tried to perform the injection of a tool of contrast from a saphenous vein, so that the bubbles arrived very weakened into the right atrium, causing only a light contrast. For this type of exam, we have considered to the cannulation of a femoral vein to be excessively invasive, and therefore we practised an injection from an antecubital vein to all the patients and for all the four methods. It is widely accepted that TEE, with the administration of intravenous contrast and the use of colour Doppler, is the reference method for detecting PFO. 2 However, TCD is a simple exam, characterized from good values regarding to sensibility and specificity to the diagnosis of right -left shunts, but with a lack of information about its site. In some patients, TCD examinations have shown that TEE may fail to demonstrate right-to-left shunting in PFO. 15 There is wide literature about TCD and, unlike the echocardiography, the guidelines to standardize the practice have been published and arranged by an International Consensus Conference. 16 The echocardiography remains irreplaceable for a morphological detection of the interatrial septum in order to put in evidence other defects such as the presence of the interatrial septum aneurysm or embryonic residual. Some authors support the utility of TCD for a quantitative detection of the shunt in order to stratify the patients regarding their risk profile. 17 In the last years, several studies have shown the superiority of TEE rather than TTE about the diagnosis of sources of embolism in patients without a known heart disease; 2 therefore, some authors believe that a diagnostic strategy with a TEE from the beginning indeed, without an initial screening, is better. This strategy has been advised also by specific guidelines. 18 The outcome has been a questionable increasing of TEE exams which we believe must be avoided. This is why the developments about the feasibility and the care of TTE are important, thanks to the second harmonic significantly increasing the sensibility of the method and the up-to-date comparing studies showing a sensibility of TTE with second harmonic in the detection of the rightleft shunts rather than TEE going from 68.4 19 to 100%. 20 The diagnostic accuracy of our study is positioned in this range of values, highlighting the best values of sensibility, but first of all of specificity of TTE rather than TEE, values that are higher, even though not a statistical significant, than those of TCD.
We support the theory that the diagnosis of right -left shunts can be obtained by the only transthoracic exam, which is less invasive and expensive than TEE. The limit of this strategy is due to the patients with deficient thoracic acoustic window, and above all, it is generated by the impossibility to study the thoracic aorta and especially the aortic arch, in order to detect potentially embolic aortic plaques. This disease is not often considered with sufficient attention in detecting of sources of embolism, but, as testified in our case report ( Table 2) , it affects more the older people than the younger people without risk factors.
In our opinion, the TEE exam can be suggested in the cases with an inadequate acoustic window, or in those cases in which the thrombotic aortic disease is suspected (smokers, thrombophilic conditions, etc.). The TEE is also indicated in cases with contemporary presence of interatrial septal aneurysm and serious right to left shunt of interatrial septum and serious right-left shunt, all cases in which can be necessary to decide between the medical option or the surgery one, in order to better outline the anatomy of the interatrial septum, the size of aneurysm and of the share of septum primum and secundum to whom possibly a prosthesis can be applied, besides the possible presence of more than one patency or of cribriform septum. We think that this information should be given to the haemodynamic laboratory or to the surgeon during the diagnostic phase, instead of a transoesophageal intraprocedural evaluation, when the therapeutical approach has been already decided.
Our study demonstrates that in a large cohort of patients evaluated for suspected atrial right-to-left shunt, TTE with second harmonic had a good success rate and is superior to TCD for the detection of atrial right-to-left shunt after venous injections of contrast agent. TEE and TTE should be considered as complementary diagnostic methods for the detection of atrial shunting. Our opinion is that TTE cannot provide more information than TEE, but has an enough diagnostic accuracy to be considered a first-level exam, less invasive than TEE, to select the patients with significant interatrial shunt. Only the patients with marked shunt need a more deepened exam, like TEE, fundamental to decide the correct therapeutic approach (antiplatelet drug, percutaneous, or surgical PFO closure).
TCD may have a role in the clinical practice, since in the greatest part of the cases, it is a managed examination and performed by the neurologists who are often first physicians to take in care patients with stroke; insofar, TCD results the first examination to be performed for the search of right-to-left shunts. Besides, TCD can be settling in the cases in which the acoustic transthoracic window is not suitable. Nevertheless, in our experience, the results gotten with the TTE and R3DTE are superior.
The R3DTE could have a role within the setting of a better anatomical definition of the interatrial septum, in order to choose the best therapeutical option, although recognizing the positive values of sensibility and specificity rather than TEE. In fact, this method does not add a lot to the TTE with second harmonic, which is sufficient for the diagnosis. That is why the X3-1 probe owns superior size and has a 2D definition that is lower than the S5-1 probe. Anyway the 3D analysis and the off-line data processing allow us to consider the morphology of the atrial septal at best, especially when a septal aneurysm is present. Although R3DTE can provide a better anatomical definition of interatrial septum, without colour Doppler mapping, the small PFO cannot be clearly shown. The probe does not have sufficient power of definition, in order to insulate and show the detachment between the two septa during the Valsalva manoeuvre. Nowadays, this limit has been come through by the transoesophageal 3D probe, which can be useful for advanced treatment including PFO closure.
Ours is the first experience in which the R3DTE, with contrast agent, has been used for the study and the detection of PFO.
Other studies have shown that R3DTE accurately defined ASD location, size, and surrounding atrial anatomy, and that ASD characterization by live 3D TTE agreed well with 3D TEE and sizing balloon measurements. 21 Cheng et al. 22 analysed a population of 38 patients affected by a congenital heart disease, prevalently atrial and ventricular septal defects, and have shown a good correlation between the 3D diameters of the defects and the surgical findings, with evidence of a significant superiority in comparison to the 2D exam. Nowadays, the R3DTE has been used in anecdotal experiences for guiding occluder devices deployment in patients with ASD, in alternative to the TEE. 9 
Conclusions
The present study is the first comparing TCD with TEE and TTE, and also it is the first one in which the utility of R3DTE in the diagnosis of PFO is proved. In this cohort of patients, TEE confirms his role of 'gold standard' exam for the detection of PFO. TTE and R3DTE present a better diagnostic accuracy than TCD, but TTE and R3DTE are inferior to the TEE because of the low negative predictive value and the nonoptimal detection of small shunts. If the only purpose of TEE is the detection of significative interatrial shunt, TEE may be replaced by TTE and probably by R3DTE. Our opinion is to propose TTE as the first-level exam to identify the significant PFO, which need a more accurate evaluation with TEE in order to a better definition of anatomy, shunt degree, and therapeutic approach. The R3DTE is not superior than TTE, but could have a role within the setting of a better anatomical definition of the interatrial septum; however, the resolution of X3 probe is inferior to the TTE and, without colour Doppler mapping, the small PFO cannot be clearly shown. So, the R3DTE cannot be proposed routinely as alternative to TEE.
Seventy-five patients represent probably a too small population to draw definitive conclusions, but our study can be a sprout and guiding light for further analysis.
